The explosive performance of PBX 9404, a condensed phase explosive with HMX and nitrocellulose reactive ingredients, was evaluated using the detonation cylinder expansion test after it had been naturally aged for over 46 years. Nitrocellulose is known to chemically degrade with age, but the corresponding effect on explosive performance is currently unknown. Two new cylinder tests were fielded with the oldest known PBX 9404 explosive (>46 years) and the data was compared with prior PBX 9404 cylinder test data. A method for comparing wall motion data collected by streak camera and laser interferometry diagnostics was also introduced. Analysis of the cylinder motion indicated that the aged explosive exhibits decreased performance, which varied with cylinder expansion radius and product specific volume. This energy decrement was found to be 0.8% of the total initial explosive energy per decade of age at a product volume of 7.0 cc/g. The measured energy decrement in explosives older than 37 years exceeds the chemical energy content of nitrocellulose, indicating that nitrocellulose decomposition radicals are likely degrading the normally stable HMX molecules during the aging process.
Introduction
The extreme product conditions developed by detonation of condensed phase explosives provides the means to perform high rates of work on adjacent materials [1] . For engineering applications, it is desirable to predict the possibility of any explosive performance variation due to varying storage conditions or duration. One possible source of variation is decreased chemical energy content of the explosive from aging [2] [3] [4] [5] . Explosives usually consist of mixtures of organic molecules with large chemical potential energy. These metastable compounds can be modified by thermal and photochemical processes to partially decompose, developing less chemical potential energy and altered mechanical properties. Prediction of these effects remains difficult due to the unknown kinetics associated with these low-rate decomposition reactions as well as difficulties in determining what, if any, chemical modifications have occurred in formulated explosive charges [6] [7] [8] [9] [10] [11] [12] .
There have been very few direct measurements of this effect as formulations are typically selected to be relatively stable over long times (decades). Thus, quantifying any performance changes requires very long study timescales and high measurement precision. Artificial aging studies, which store explosives at elevated temperatures, are often conducted to address these issues, but can yield unrealistic results due to the strongly nonlinear temperature dependence of chemical kinetics.
The explosive PBX 9404 has been a subject of considerable aging studies [2, 4, [6] [7] [8] [9] [10] [11] [12] . Composed of 94 wt% HMX, 3 wt% tris-β chloroethylphosphate (CEF) plasticizer, 2.9 wt% nitrocellulose (NC), and 0.1 wt% diphenylamine (DPA) as a stabilizing agent [13] , PBX 9404 is known to exhibit variations with age, presumably as the NC decomposes. The explosive has been observed to change color from white when new, to light blue, dark blue, and finally yellow-brown as the nitrogen-based decomposition products accumulate [11, 13] .
Most prior work over the past fifty years has assumed that age-based performance degradation in PBX 9404 is solely due to decomposition of the NC, which is the least stable ingredient. Nitrocellulose decomposes autocatalytically, generating nitric acid [11] and nitrogen oxides [2] , which further accelerate the NC decomposition. The DPA additive was intended to scavenge these nitrogen radicals [2, 4, 8] . However, uncertantities in the rate of NC decomposition and its stabilization capacity have led to a multi-decade effort intended to better understand this aging process [6] [7] [8] [9] [10] [11] [12] . These prior analytical chemistry studies support concerns that NC decay does indeed occur in PBX 9404, but have been insufficient to establish predictive models for the effect of aging on the explosive ingredients, the detonation kinetic details, or the resulting detonation performance.
Instead, applied measurements of the detonation product energy delivery to a metal confiner are used to provide insight into the underlying chemical kinetic variations that cannot be resolved with current technology. This approach is entirely analogous to popular gasphase shock-tube ignition and flame-speed measurements, which use similarly applied observables (like ignition time delays or flame speeds) to develop insight into the underlying chemical kinetics. To date, the only prior published record on this topic is by Hill et al. [12] , who verified performance degradation with age but was not able to provide quantitative estimates or uncertainties due to a limited amount of experimental data.
In this work, we directly measure the performance degradation in naturally aged PBX 9404 explosive with cylinder expansion (CYLEX) experiments, which characterize the explosive energy of PBX 9404 samples over a period of at least 46 years, the longest aging duration ever characterized for this material. Our analysis corrects for differences in diagnostic methods used over this period. PBX 9404 is shown to lose energy output with age at a rate of approximately 0.8% of its total initial chemical energy content per decade, corresponding to 3.7% of its initial chemical energy content over a 46 year period.
These results indicate that the energy loss actually exceeds the energy content of the pristine NC, implying that both NC and HMX molecules must be also be altered by the NC decomposition radicals. While not widely considered previously due to its increased complexity, this concept is supported by limited prior measurement and theory: The NC in PBX 9404 has been observed to degrade faster than neat NC [14] ; HMX-NC blends are known to create unique bonds [15] ; and the NC decomposition radicals generated are highly reactive and able to modify otherwise stable nearby molecules. Our results thus indicate that the normally stable explosive molecules can be degraded by less stable chemical ingredients present in explosive formulations and that future PBX 9404 aging studies should analyze blends of HMX and NC, rather than each ingredient individually.
Cylinder Expansion Test Data on PBX 9404
The CYLEX test is a standard performance experiment used to quantify the product energy of a condensed-phase explosive [16] [17] [18] [19] . The test configuration consists of an inert and ductile confiner tube tightly encasing an explosive rod. Detonation initiated at one end travels along the rod length. High-pressure products accelerate the confiner outwards [19] and the motion history is recorded with a diagnostic. The confiner rapidly accelerates at first, typically in a compressible fashion, and then approaches a terminal velocity at later times, in an incompressible motion regime [20] . This motion is used to evaluate the explosive performance and product equation of state [1, [16] [17] [18] [19] .
PBX 9404 has been in existence for six decades and its performance was previously characterized. In the current study, three main sources of prior data have been identified for comparison. We also present data from two recent CYLEX tests using the oldest PBX 9404 tested to date. All data and sources are summarized in Table 1 and described below. All explosives were stored in unheated indoor earth-covered storage magazines, with no humidity control, where the temperature varied seasonally between [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] • C in a low-humidity desert environment. These temperature and humidity variations are quite limited when compared to artificial aging studies, which control the explosive temperature and humidity for a very short period of time at unrealistically harsh conditions. 
Prior Tests with Streak Diagnostic
CYLEX data fielded with streak diagnostics is available for PBX 9404 from three sources. McMurphy [21] reports three standard scale tests with full data return. These tests have identifiers K260235, K260237, and K260273. Tests K260235 and K260237 were fielded in 1967, while K260273 was fielded in 1973. The explosive age was unknown, but assumed be <3 years before test execution due to the fact that PBX 9404 was being actively formulated during the test period. Wall motion was characterized with a streak camera and archived as wall radius versus time profiles consisting of approximately 50 data points per test, as shown in Fig. 2 
(Top).
McMurphy [21] also differentiated these data in time to yield the rate of increase in the wall radius with time at the axial location of the streak camera slit ( Fig. 2 Bottom). This value, which we refer to as the radial increase rate, is not the true wall velocity, but rather an artificially high phase velocity resulting from the interaction of the angled cylinder wall with the streak measurement line as discussed in Jackson [19] .
Campbell and Engelke [22] report streak camera records from two PBX 9404 cylinder tests, C4526 and C4527, fielded at LANL (Los Alamos National Laboratory) in 1975. Their tests used 3.5 year old explosive (produced in December 1971) at the time of testing, from the last PBX 9404 lot ever formulated, lot HOL620-5 with LANL designation #43 or 5-620(43). Hill et al. [23] reprocessed the streak film of Campbell and Engelke [22] at high resolution ( [23] , C4526 (green) [22] , C4527 (cyan) [22] , K260235 (blue) [21] , K260237 (magenta) [21] , and K260273 (red) [21] .
time incompressible motion phase, test-to-test variation is approximately 5% in velocity. The data of Campbell and Engelke [22] is more consistent, possibly as both tests were fielded by the same researchers, with deviations not exceeding 0.5% in position-time, 10% in velocity for the compressible regime, and 4% in velocity for the incompressible regime. Despite this, the streak diagnostic is not able to adequately resolve the ringing wall motion in the compressible regime (Fig. 2 Bottom).
Prior Tests with Streak and PDV Diagnostics
Hill et al. [23] fired two cylinder tests with PBX 9404, identified as 8-1292 and 8-1293, at LANL. Their tests utilized was the same explosive lot as Campbell and Engelke [22] , which was 37.5 years old when fielded in 2009. Unlike all other experiments in this work, the explosive from Hill et al. [23] was stored as unpressed molding powder. It was only pressed to shape just prior to machining and testing in 2009, thus any NC mass loss due to binder degradation prior to pressing would have resulted in a higher energy density explosive due to the higher-than-normal ratio of HMX to binder. The cylinders of Hill et al. [23] and those fielded for the present study had slightly thinner walls than in historic experiments (Table 1) .
Hill et al. [23] used both PDV and streak camera diagnostics simultaneously to record the wall motion on 8-1293, with PDV probes tilted 7
• off-normal upstream for improved signal return. Only PDV data is available for 8-1292. The PDV traces, shown in Fig. 3 (Top), exhibit excellent agreement across tests with deviations of 4% in the compressible regime and less than 2% in the incompressible regime . Streak data from 8-1293 is shown in Fig. 4 and used below to relate the PDV and streak measurements. 
Recent Experiments with PDV Diagnostics
Two CYLEX experiments, 8-1874 and 8-1875, were fielded in 2015 with PBX 9404 to provide additional data for analysis. Test assemblies were consistent with earlier methods, consisting of a copper tube supported by an aluminum and steel structure as shown in Fig. 1 . Cylinder diameters are shown in Table 1 . The total tube length was 304.8 mm and its density was 8.984 g/cc. The tube was oxygen-free high thermal conductivity (OFHC) C101 copper with a dead soft temper. Metallurgical analysis verified it was in an annealed state after machining (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Rockwell F hardness) with grain sizes on the order of 50 µm.
Each cylinder was filled with PBX 9404 explosive that had been machined into multiple pellets to achieve good dimensional tolerances. Each pellet was 25.4 ± 0.025 mm in OD and 50.8 ± 0.025 mm in length. Pellets from 8-1874 and 8-1875 were machined from billets labelled 10114Y4608-02 and 10114Y4601-02, respectively. The complete history of the billets is not known, but they were both received by Sandia National Laboratory as hydrostatically pressed billets in 1969, making them over 46 years old at the date of testing. Immersion density measurements of numerous billets (including the ones selected for testing) of similar age did not exhibit anomalously low densities, indicating that naturally aged PBX 9404 does not exhibit mass loss and any decomposition radicals are likely retained in the material. Pellets were arranged in order of increasing density in the direction of detonation propagation (Table 2) . Due to machining tolerances, annular voids on the or- The propagation of the detonation front along the length of each cylinder was measured using 11 equally spaced shorting wires in similar fashion to that of Jack-son [20] . Detonation velocities were determined from a linear fit to the shorting probe data, were approximately 40 m/s faster than previous tests, and showed low standard errors to the linear fitting form. Examination of the D 0 trend in Table 1 shows a slight increase with explosive age.
Four PDV probes were used to record the wall motion at two different axial locations located 152.4 mm (PDV1 and PDV2) and 203.2 mm (PDV3 and PDV4) downstream of the detonator. All probes were oriented normal to the initial cylinder wall position and each pair was azimuthally separated by 90
• . Probes were located to within 60 µm and sampled at 20 GHz (50 GS/s sample rate) during each test. The PDV data were analyzed to yield the wall velocity via a temporally sliding Fast Fourier Transform using a 1024-bit (20.5 ns) window and a 128-bit (2.6 ns) step size. The resulting PDV profiles are shown in Figs. 3 (Middle) and 3 (Bottom) for tests 8-1874 and 8-1875, respectively.
Individual traces in Figs. 3 (Middle) and 3 (Bottom) indicate excellent agreement across all probes and both tests. The velocity histories do not diverge at all until 20 µs, which is late in the test sequence when the cylinder wall begins to fail and the product pressure is low (less than 1 GPa). Agreement across the two tests is within 4% in the ringing regime and better than 2% at late times. The velocity-time features present in compressible cylinder wall motion are discussed in detail for similar tests in prior work [20] .
Analysis
In this section, the CYLEX data is analyzed to quantify the effect of explosive aging on energy delivery to an adjacent metal confiner. First, we correct each dataset for the diagnostic used. We then compute the variation in the explosive energy delivery with age.
Comparing Streak and PDV Data
Streak cameras image the cylinder radius at a specific axial location on the tube through a thin slit. As the cylinder expands, its radius increases with time along that radially oriented slit. However, the cylinder wall trajectory is not perfectly normal to the initial wall location, as shown in [19] . Instead, the wall tilts slightly downstream due to the finite detonation velocity. For PBX explosives, the cylinder wall angle asymptotes to approximately 12
• . Due to this effect, the expanding cylinder also translates axially across the streak slit. Thus, the streak-camera position-time record integrates both the radial expansion from wall deformation and a component of this downstream axial translation. Thus, the derivative of a position-time streak record is not actually a material velocity, but rather the rate of radial increase at an Eulerian location that exceeds the actual cylinder wall velocity as shown in Fig. 4 . The analytic form of this value is presented as Equation 3 in Jackson [19] . Heterodyne doppler interferometer systems, such as PDV, utilize a different measurement principle. A single wavelength of light is emitted from the probe, reflected and Doppler-shifted from the moving target, and then recollected by the probe. The returned Doppler-shifted light is combined with light of the incident wavelength. The resulting small difference in wavelengths interferes to form a measurable beat frequency, which analytically translates to a particle velocity. Light is only Dopplershifted by the component of wall particle velocity in the direction of the probe. As a result, if the total wall velocity vector is not directly aligned with the probe measurement axis, only a component of the total wall velocity will be measured (corresponding to the product of the wall velocity and the cosine of the angle between total velocity vector and the probe axis). Additionally, no translation movement (such as sliding or transverse motion) normal to the probe is measured as it does not Doppler-shift the light [26] . Thus, generally, a PDV record only reports a component of the total wall velocity that varies with time as the cylinder angle increases. The instantaneous wall angle and total velocity can be recovered from a normally oriented PDV probe [19, 25] or angled probe [24] . Figure 4 demonstrates the difference between these velocity components using data from test 8-1293. The integrated radial increase rate (gray) from the streak record is 2% larger than the integrated total velocity (blue) computed from the raw probe data (black) via Jackson [19] . The integral of the directly measured PDV velocity (black) is approximately 2% lower than the integral of the total velocity record. Thus, uncorrected streak "velocities" from McMurphy [21] and Campbell and Engelke [22] overestimate the total cylinder wall velocity by approximately 2%. Transforming the measured PDV velocity component (black) to the corresponding radial increase rate using the method of Jackson [24] yields the red curve, which agrees excellently with the experimental streak record (gray). This serves as validation of the theories presented in Jackson [19, 24, 25] .
Energy Delivery to Confiner with Age
We evaluate the performance degradation of aged PBX 9404 using the energy imparted to the copper confiner tube in the CYLEX geometry. This is the most direct approach that can be applied to the available data to analyze the effect of HE age on energy delivery while accounting for variations in the initial cylinder wall thickness.
All data from Table 1 was corrected to yield the total cylinder kinetic energy as a function of radius. For the streak data, this involved fitting Eq. 4 in Jackson [20] to the radius-time streak camera record. Fit parameters for that equation of wall motion are given in Table 3 . The equation was then differentiated with respect to time to yield the radial rate of increase with time for each streak record. This data was then used as input to Eq. 3 in Jackson [19] to yield the full kinematic history of the cylinder. Table 3 : Parameter estimates for Eq. 4 in Jackson [20] fit to wall motion records for the tests detailed in Table 1 . Data from the PDV diagnostic was analyzed in similar fashion, the only difference being that the PDV data from the probes that were oriented normally to the initial position of the cylinder wall serves as input to Eq. 1 in Jackson [19] . For the PDV data of test , where the probe was oriented 7
• off normal to the initial position of the cylinder wall, the measured cylinder velocity was corrected to generate the normal velocity using the angle correction method [24] and then processed as noted above. Table 3 . Figure 5 plots the results of the above analysis in the form of the total cylinder energy (normalized by the explosive initial density) versus the normalized outer wall radius. The density-normalized total cylinder energy is e = ρ c V 2 A/ρ 0 , where ρ c is the copper density, ρ 0 is the initial explosive density, V is the total cylinder wall velocity, and A is the cross sectional area of the cylinder, which is assumed to be constant with time such that
i ) with r and r i as instantaneous outer and inner radii and with R o and R i as initial outer and inner radii. The color of each curve indicates the age of explosive using an RGB scale as shown in Table 1 , with bluer colors indicating younger explosive at the time of the cylinder test (corresponding to older test data). The data trend indicates that older explosive delivers less energy to the copper wall for all radii. Table 3 . The solid black line is the fit and the dashed lines indicate the uncertainty bounded by the parameter standard error estimates. Figure 6 plots the calculated wall energy at a fixed radius of r/R o = 3.0, corresponding to an approximate product specific volume of 7.0 cc/g, which is at the start of the incompressible cylinder motion regime. A linear trend e = B(r) − M(r)Y, with Y indicating explosive (or HE) age in years, has been fit to the data to capture the decrease in wall energy with explosive age. The vertical axis has been normalized by the vertical (e-)intercept of the fitted trend to show the fraction of energy remaining in the aged explosive relative to the extrapolated initial energy value. The linear aging trend indicates that the PBX 9404 loses 0.8% of its energy content per decade of age, a value that is consistent prior analysis [12] . The sparse data yields a good fit to the linear trend, though additional data at intermediate ages of 5-35 years would obviously be desirable. The LLNL data also exhibits a large amount of variability relative to the LANL data, but is centered on the trend.
Applying this analysis for all radii allows study of the variation in the linear parameter estimates (M and B) with wall radius. Below, we evaluate the linear trend parameters when fit to all the cylinder data in Table 1 (black curves) and when fit only to the higher resolution LANL data (blue curves).
The evolution of parameter B with radius is shown in Fig. 7 (top) as the solid line. The dashed lines indicate the possible variation in B as computed from the standard error associated with the fit at each radius. The trend indicates increasing energy delivered to the wall with increasing radius (or product volume), consistent with the cylinder test method, and the standard error bands indicate high confidence in the calculated fit. Only the fit to the full dataset is shown as there is very little variation in the quantitative trend when fit to only the LANL data. Figure 7 (bottom) shows the evolution of parameter M with radius. The behavior is more complex and varies with the input data. Fitting to the LANL data only yields a trend where M monotonically increases with radius, approaching an apparent asymptote at large expansion values. The standard error bands are small for r/R o below 3, but increase substantially for larger radii, indicating variability in late stage expansion behavior across different cylinder tests. This variation is expected as failure of the wall typically onsets in this region [25] , limiting the test utility at larger radii. In contrast, fitting to all CYLEX data yields a trend where M exhibits a local maximum at r/R o = 1.1, a local minimum at r/R o = 1.7 and then monotonically increases for all larger r/R o . The standard error bands are significantly larger across all r/R o values, consistent with the large variability in the LLNL data. Thus, while there is variation in the behavior of M with varying input data, both approaches indicate that the observed trend of performance degradation with age is significant for r/R o from 1-3.
Conclusions
Variations in the explosive performance of naturally aged PBX 9404 were evaluated using the detonation cylinder expansion test. Two cylinder tests were fielded with the oldest known existing PBX 9404 explosive (>46 years). This data was compared with prior PBX 9404 cylinder test data fielded when the explosive was 3-38 years old. A method was also presented to correct for wall motion data collected across differing streak camera and laser interferometry based diagnostics.
This analysis indicated that the aged explosive exhibits decreased performance as inferred from lower energies delivered to the cylinder wall. The degree of this energy decrement varied with cylinder expansion radius (and thus product specific volume). The energy decrement was found to be approximately 0.8% of the total initial explosive energy per decade of age when the products had expanded to 7.0 cc/g. The variation in the trend of M with radius implies that that the net effect of the observed performance degradation with age will depend on how far the product volume is expanded in each test geometry, with geometries using larger product volumes experiencing increased energy deficits.
Tests with explosive aged for at least 37 years measured energy loss exceeding the chemical energy content of the nitrocellulose binder present in the PBX 9404, implying that the decomposing nitrocellulose also degrades the normally stable HMX ingredient. Such a result is significant as HMX and nitrocellulose are commonly used energetic materials in the propellant and defense industries. These findings indicate that substantial degradation of the energetic material is possible with age and that explosive aging studies should take into account the possibility of reactive decomposition radicals from unstable ingredients degrading normally stable ingredients.
